it has been observed to occur in the absence of the presynaptic motoneurons, demonstrating that it is independent of a motoneuron-derived signal (Yang et al., 
ing the induction of postsynaptic differentiation. One likely scenario, therefore, is that key signaling molecules that induce presynaptic differentiation are deposited in the synaptic basal lamina by the muscle, following the activation of MuSK.
Reciprocal Induction Model Applied to CNS Synaptogenesis
The mechanism of central synapse formation is much less well understood than the formation of the NMJ. The ger the asymmetric signaling events. Indeed, evidence favors a predominant role for cell adhesion-initiated signaling in CNS synaptogenesis. Additional reciprocal insynaptic development. In both Agrin and MuSK knockteractions between the presumptive pre-and postsynout mice, the motoneuron terminals fail to differentiate, aptic cells that occur prior to and after the initial cell remaining highly dynamic and extending processes contact may further shape the specificity of synapse along the muscle surface (Gautam et al., 1996; DeChiara assembly by favoring particular cell combinations. et al., 1996). Further evidence that postsynaptic differenReciprocal signaling that occurs before the cell contiation is necessary for the subsequent induction of the tact requires a diffusible component, whereas after the presynaptic nerve terminal comes from muscle transcell contact it may involve diffusible messengers, transplantation studies in which MuSK knockout muscle are synaptic adhesion-dependent signals, or both. Signaltransplanted into wild-type animals, circumventing the ing during synapse assembly may also make use of a early lethality due to paralysis of the MuSK and Agrin third cell such as a glial cell that does not directly conknockouts (Nguyen et al., 2000) . Nerve terminals contribute to the synaptic junction per se. We discuss below tacting transplanted MuSK knockout muscle remain unthe types of signaling mechanisms involved in the sedifferentiated and are observed to remodel continuously quential events of central synapse formation (Figure 2 ). over the course of several months. Thus, it appears that We largely limit the discussion to excitatory synapse the induction of the presynaptic nerve terminal proceeds assembly due to space constraints. Comprehensive reonly after synapse formation is initiated in the postsynviews of inhibitory synapse formation have appeared aptic muscle cell.
elsewhere ( ). An increase in dendritic filopodial outgrowths does not always promote synapse formation, however. For instance, dendritic filopodia formation is enhanced by perturbing the signaling to the actin cytoskeleton by overexpressing either the constitutively active form of the small GTPase Rac, a guanine nucleotide exchange factor for Rac called PIX, or a dominant-negative form of the G protein-coupled receptor kinase interacting protein (GIT)1, which interacts with PIX (Zhang et al., 2003) . Despite the increase in motile filopodia, synapse formation is decreased under these conditions. Although the specific mechanisms by which Rac signaling regulates synapse formation require further investigation, this study illustrates that the production of filopodial outgrowth can be uncoupled from the promotion of synapse formation.
Recent studies demonstrate that axons can also modulate synapse formation by regulating their filopodial motility. In cultured hippocampal neurons, for example, motility of filopodia originating from mossy fiber axons decreases with development, and the filopodia that remain in contact with postsynaptic targets become stabilized (Tashiro et al., 2003) . This inverse correlation between axonal filopodial motility and the developmental time course of synapse formation is reminiscent of the motile behavior of dendritic filopodia (Dunaevsky et al., 1999). Whether axonal filopodia play an inductive part in synapse formation, however, remains to be investigated. Ultrastructural analysis is required to test whether a spine retraction includes the elimination of a synapse or whether the spine retraction simply translocates a synapse from a spine head to the dendrite shaft. The authors find that the number of spine retractions observed at the light level in a section of dendrite is 2-fold greater than the number of ultrastructurally observed synapses on the same dendritic segment. Thus, a portion of the spine retractions observed at the light level must actually eliminate synapses, since all of the spine retractions cannot be accounted for, ultrastructurally, by a spine synapse being converted into a synapse on the dendrite shaft. These data support the conclusion that a portion of spine elimination events observed at the light level represent the ultrastructural disassembly of individual synapses (though it is not possible to assay whether these were previously functional synapses). . Howimaging study examined presynaptic vesicle-associever, the data from the Drosophila CNS suggest that ated proteins and correlates their abundance with the there may be added complexity. In this context, it is imaging of vesicle recycling over prolonged time periods interesting to note that input elimination is prevalent (Hopf et al., 2002) . Although the case for the actual during early development in the vertebrate PNS and disassembly of the synapse is less strong, these data CNS, while synapse disassembly persists throughout define changes to a population of synapses that include life. Our current understanding of the phenomenology functioning presynaptic active zones. and underlying mechanisms of synapse disassembly An important question is whether input elimination is and input elimination are detailed in the following secsimply an extreme example of synapse disassembly, or tions. whether these processes are fundamentally different in some way. Several phenomenological observations Input Elimination at the Vertebrate NMJ suggest that there will be similarities between these The mammalian NMJ is perhaps the most well-characprocesses. For example, input elimination and synapse terized synapse in any organism. At birth, each muscle disassembly share ultrastructural similarities when comfiber is innervated by multiple motoneurons and all but paring input elimination at the mammalian NMJ with one motoneuron input are gradually eliminated over the synapse disassembly at the Drosophila NMJ. In both course of several weeks (Figure 3) . The most compelling systems, presynaptic withdrawal includes a decreased model for input elimination outlines an activity-depencaliber of the presynaptic element, detachment of the dent competition between initially equivalent inputs in pre-and postsynaptic elements, and the presence of which one of the inputs emerges victorious. invokes signaling mechanisms that actively drive the systems. In this vein, it should be noted that a phenomeprocess of elimination at less active inputs. These putanon of axonal pruning, involving semaphorin-Plexin A3 tive signals have been termed "synaptotoxins" or "punsignaling, has been observed in the vertebrate CNS, ishment signaling" (Sanes and Lichtman, 1999). Since although the relationship of this pruning to synapse activity-dependent competition appears to be mediated function and remodeling awaits further experimentation through the muscle, this model also invokes the idea (Bagri et al., 2003) .
that less active inputs are somehow more susceptible Ultimately, a detailed molecular understanding will be to the "synaptotoxin" or that inputs with more activity necessary to establish the commonality and differences are somehow protected, or both (Sanes and Lichtbetween input elimination and synapse disassembly. It man, 1999). seems logical that there will be a common cell biological These models have provided an important framework mechanism responsible for dismantling the synapse that can be co-opted by different developmental and activfor considering the mechanisms of input elimination. through the control of disassembly, but through the coordinate control of several processes including synapse Since mGluR1 is expressed in other regions of the brain, Ichise and colleagues performed PC-specific resdisassembly, synapse formation, and cellular growth. The extent to which these processes are separable cue in mGluR1 Ϫ/Ϫ mice to conclusively show that mGluR1 is required in the postsynaptic PCs for normal awaits further experimentation. Taken together, these data underscore the cellular complexity involved in movregression of multiple CF innervation (Ichise et al., 2000) . Therefore, it is likely that regulation of PLC and PKC via ing from activity to the molecular mechanisms that dismantle a synapse. mGluR1 activation is occurring in the postsynaptic cell, which then drives the removal of supernumerary presynThere is some consensus regarding the underlying molecular signaling that drives synaptic competition in aptic connections via the initiation of an unknown elimi- ., 2000) .
to increase the rate and frequency of synapse disassemHowever, the relationship of these signaling systems to bly at the NMJ (Eaton et al., 2002) . the cellular mechanisms of synapse disassembly/input Input elimination and synapse disassembly have also elimination (discussed below) remains unclear. The been observed in C. elegans. In this system, synapse emerging challenge is to connect the mechanisms that disassembly is necessary for an unusual rewiring event transduce changes in correlated activity to the molecuduring larval development. Six GABAergic motoneurons lar mechanisms that direct synapse disassembly/input send processes to both dorsal and ventral muscles. elimination (see also Hensch et al., 1998, in this regard).
Initially, synapses are made only with the ventral musExperimentally teasing apart these interconnected sigcles. However, as development proceeds, this connecnaling systems may ultimately require simplified genetic tivity is reversed. The motoneurons disassemble their systems such as Drosophila and C. elegans, where these synapses at the ventral muscles and form new synapses processes can be studied using forward genetics ( 
, 1998). onstrates that synapse disassembly occurs throughout
The majority of data support the conclusion that syndevelopment and is most prevalent during the rapid apse elimination is specified postsynaptically. For exphases of synaptic growth. These data suggest that ample, many experiments emphasize the importance of growth at the Drosophila NMJ is a balance of bouton signaling from the postsynaptic cell. At both central and addition and retraction and that elimination is developperipheral synapses, "input elimination" is driven by acmentally regulated. Evidence suggests that these disastivity-dependent competition mediated through the sembly events are not due to competitive interactions postsynaptic cell ( ). These models and molecules are, however, insufficient to exthroughout its entire presynaptic arborization. It has plain how the desired synapse density is recognized been recently demonstrated that a more efficacious synand how independent mechanisms of synapse formaapse will likely win a synaptic competition (Buffelli et tion and disassembly are coordinated to maintain conal., 2003). If synaptic efficacy can be linked to axonal stant synapse density during the rearrangement of synactivity, then differences in motoneuron activity could aptic circuitry. A future challenge, therefore, will be not be one means to bias competition throughout the entire only to define the molecular mechanisms of synapse arborization of a single motoneuron (Buffelli et al., 2003) . assembly, disassembly, and maintenance, but to underThe second observation is that motoneurons with larger stand how these mechanisms interact to achieve stereototal arborizations are at a competitive disadvantage typed patterns of neural connectivity. 
